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Figure 1. Multistepped optogenetics (MSO) and its application to neurons in a trigeminal gan-
glion (TGG).
(A) Schematic outline of MSO. (B) Schematic diagram of the IR-LEGO microscopic system. An 
IR laser beam (1462 nm) was introduced into the IR-LEGO optical unit through an optical fiber. 
The irradiation duration was controlled by a shutter unit. (C) Dorsal view of the head of a 3 dpf 
embryo of Tg(hsp70:gal4; uas:chr2-eyfp) after heat shock by incubation at 37℃ for 30 min at 10 
and 36 hpf. Anterior, to the top. (D) Infrared (IR) laser-induced ChR2-EYFP. Lateral (D1; anterior, 
to the left) and dorsal (D2; anterior, to the top) views show that ChR2-EYFP was expressed in 
the TGG only on the left side of the embryo at 33 hpf. The central axons are indicated by the 
arrowhead and the peripheral axons by the arrow. (E) The escape response induced upon ir-
radiation with blue light on the same embryo. (E1) Selected images of the 33 hpf embryo from a 
movie (Movie S1) taken with a high-speed camera starting with the C-escape during blue-light 
irradiation. (E2) Montage of images from 0 (red) to 28 ms (blue) at 4 ms interval. (F) The kin-
ematics obtained from Movie S1. The vertical axis shows (H-T)/AL, the distance between the 
tips of the head and tail divided by the axial length. Blue bars show the periods of blue-light ir-
radiation. (G) Percentage of experimental embryos with ChR2 expression in TGG on either side 
showing light-evoked escape behaviors. Contra, Ipsi: Embryos that showed a C-bend either 
towards the contralateral or ipsilateral side, respectively, to the ChR2-expressing TGG, initially 
after each blue-light irradiation. Control: wild-type (AB line) embryos that showed a C-bend 
towards either side. Data are means ± SEM; Experimental: 80.9% ± 5.3%, n = 51 events, four 
embryos; control: 5% ± 2.8%, n = 60 events, six embryos. Scale bars = 50 µm.Multistepped 
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Our knowledge of the morphology, 
development and behavioral functions
of neurons is limited and yet is 
essential for understanding the animal
nervous system. Optogenetics is a 
powerful recently developed tool 
with which to induce behaviors by 
activating specific neurons [1,2]; 
however, its successful application 
often depends on the availability of 
specific regulatory sequences. Here 
we describe a multistep optogenetic 
approach in which an infrared laser 
is used to induce expression in a 
small group of neurons in zebrafish 
of channelorhodopsin (ChR2) fused 
to a fluorescent protein, and then 
the morphologies of the neurons 
and the behaviors induced by blue-
light irradiation are investigated 
(Figure 1A). This strategy can be used 
to simultaneously explore the anatomy
and behavioral functions of known 
and unknown neurons in vivo. 
We previously reported the 
successful application of an infrared 
laser-evoked gene operator system 
(IR-LEGO) in various tissues, 
including neural retina of vertebrates 
[3,4]. In this system, we apply a local 
heat shock in a transgenic animal 
that has a gene of interest under the 
control of a heat-shock promoter with
focused short pulses of IR irradiation 
(Figure 1B). ChR2 is a channel that 
can be opened upon irradiation 
with blue light [5] and can activate 
neurons in which it is expressed. To 
induce ChR2 in a specific area in a 
heat-shock-dependent manner via 
the Gal4/UAS system, we created a 
Tg(hsp70:gal4; uas:chr2-eyfp) double 
transgenic line, where the eyfp 
gene is fused to the chr2 gene to 
visualize ChR2-positive cells. When 
a transgenic larva was transferred 
from 28.5°C to 37°C and incubated 
for an hour, ChR2-EYFP was induced 
in the whole body (Figure 1C). When 
Correspondencesthe left trigeminal ganglion (TGG) 
placode was hit with a one second 
pulse of focused IR at 14 hours 
post-fertilization (hpf), ChR2-EYFP 
was induced in the somatosensory 
neurons specifically in the left TGG. 
Under anaesthesia, the peripheral 
axons, somas, and central axons were visualized in vivo (Figure 
1D1,D2). 
When this animal was irradiated 
with blue light in a free condition 
at 30 hpf, a C-shaped bending 
was induced followed by several 
repetitive bendings before stopping 
(Figure 1E,F; see Movie S1 in the 
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direction of the initial C-shaped 
bending during each irradiation was 
always towards the opposite side 
of the ChR2-positive TGG (n = 4; 
Figure 1G); this appeared to mimic 
the natural startle response driven 
by tactile stimuli. Control embryos 
without ChR2 expression showed 
no or little response upon blue-light 
irradiation (Figure 1G). Specific 
expression in the TGG and the 
behavior were observed in about 
10% of the embryos irradiated with 
IR at the TGG (see Supplemental 
Experimental Procedures). We call this 
method ‘multistepped optogenetics’ 
(MSO), because it uses multiple 
irradiations with light of different 
wavelengths in a stepwise fashion: 
first IR to induce ChR2-EYFP and 
then blue light to induce behaviors 
(Figure 1A). 
The C-shaped startle response can 
be mediated by a Mauthner neuron 
(M-cell), a command neuron for this 
response and a direct post-synaptic 
target of TGG [6]. To test whether the 
MSO is useful for studying molecular 
changes in the neurons in an 
associated circuit, we examined the 
neuronal activity of M-cells after blue-
light irradiation. The kinase ERK is 
phosphorylated several minutes after 
neuron activation in somatosensory 
and olfactory systems [7,8]: we thus 
immunostained the embryos with 
anti-pERK antibody after repetitive 
stimulations of a TGG. As expected, 
pERK expression was stronger in the 
M-cell on the side where ChR2-EYFP-
positive TGG cells exist (Figure S1A; 
n = 4). 
Finding axonal trajectories and 
their targets will provide important 
information for understanding the 
functions of unknown neurons. In 
other cases, neurons can migrate 
out from their birthplace, which 
makes it difficult to locate neurons 
of interest after maturation even if 
they are easily identified at the early 
developmental stage. Our data show 
that fluorescent labeling of selected 
neurons by the IR-LEGO system 
will also be a helpful tool to solve 
these problems. In double transgenic 
zebrafish, Tg(hsp70:gal4; uas:kaede) 
or Tg(hsp70:gal4; uas:egfp), the 
IR-LEGO system can induce the 
fluorescent proteins Kaede or GFP in 
a subset of neurons in the brain. When 
we irradiated the 4th segment in the 
hindbrain at 14 hpf with six shots, we could label the cells restricted in that 
segment (Figure S1B1). Axons coming 
out of the somas in this segment 
from 26 to 34 hpf were visualized 
by four-dimensional imaging of the 
embryo with a confocal microscope, 
in which each axon appeared to 
follow orthogonal pathways along the 
anterior-posterior or dorso-ventral 
axis with multiple turns (Figure S1B1, 
Movie S2). In another experiment, 
the migration of facial branchiomotor 
neurons from the 4th to the 6th 
segment [9] was visualized (Figure 
S1B2). In the telencephalon and 
diencephalon in an embryo, after two 
second irradiations at several different 
positions with an IR laser at 22 hpf, 
we visualized major neuronal tracts 
at 37 hpf (Figure S1C). These results 
indicate that the gene expression 
system with an IR laser is useful 
for studying neural development, 
including axonal guidance and neural 
migration in vivo. 
Thus, by combining the application 
of an IR-evoked gene expression 
system and optogenetics, we have 
elucidated the anatomy of neurons 
and their behavioral functions. This 
technique allows us to activate any 
small groups of neurons of interest 
if local heat shock can be induced 
by IR-laser irradiation in principle, 
including neurons in one of a paired 
structure in which gene expression 
profiles may be identical. Only a single 
line of transgenic animals is required 
in order to examine various neurons 
in both the central and peripheral 
nervous systems. Our approach is 
also useful for exploring unknown 
neural circuits. For example, we were 
able to induce pectoral fin movements 
by activating a couple of neurons 
in the diencephalon (Figure S1D,E). 
It should be noted, however, that 
unexpected nonspecific inductions 
of the gene regulated by the heat-
shock promoter occurred in some 
embryos without any apparent stress 
(see Supplemental Experimental 
Procedures). Thus, it is important to 
check for such nonspecific expression 
before interpreting the results. The 
degree of heat-shock response in 
each cell type may be dependent on 
the stage of development (manuscript 
in preparation). MSO currently 
works well for small clusters of 
neurons. Single cell manipulations 
are also possible, but further work 
may be needed to achieve them 
more effectively. Nevertheless, MSO appears to be a simple but powerful 
system for exploring new neurons and 
circuits that are involved in behaviors, 
as well as activity-dependent 
molecular changes in a circuit after 
the forced activation of particular 
neurons. 
Supplemental Information
Supplemental Information includes ex-
perimental procedures, one figure and 
two movies and can be found with this 
article online at http://dx.doi.org/10.1016/j.
cub.2014.10.065.
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